Highly ionizing heavy charged particles generate significant charge as they pass through the thin thermally grown gate oxide of a MOSFET device. The amount of charge created by an alpha oarticle and proton is calculated and the yield of charqes which escape initial recombination is measured. The experimental results are shown to agree with a charge recombination model where an ionization track radius of 30-40 A is assumed. Finally, implications of the findings for single charged particle effects in submicron dimension devices are discussed.
Introduction
Several investigators have reported on the generation and recombination of charge in SiO2 caused by ionizing radiation (for a reasonably complete bibliography, see ref. 1 ). Other investigators have reported on the passage of highly ionizing charged particles through Si in MOS electronic devices (see the bibliography of ref. 2) . We report here on the effects of highly ionizing charged particles as they pass through the SiO2 film of an MOS capacitor. The MOS capacitors were irradiated with He ions and protons from a Van de Graaff accelerator. The most highly ionizing particle used in these experiments was a 2 MeV alpha particle, but ionization by more highly ionizing ions is discussed in light of the model calculations.
The number of electron hole pairs escaping initial recombination is determined exnerimentally for the alpha and proton irradiations and the results are explained in terms of the col mnar recombination model originally proposed by daffe. ' Using the values of the yield of charge from the irradiation with these highly ionizing particles, we estimate the effect of a single ionizing particle on a submicron dimension MOSFET . A preliminary calculation of the distribution of the charge at the Si/SiO2 interface from a single ionization track is also presented.
Experimental Procedure
In the experiments, we used dry oxide MOS capacitors on n-type Si prepared by Hughes Aircraft Corp. The samples had an oxide thickness of 1350 A and an electrode area of 0.0032 cm6 (0.025 inches diameter). The electrodes were thin aluminum (1050 ,, thick) with thick bonding pads on the edge for electrical contact. The samples were mounted on TO-5 headers and electrical contact was made by a means of thermocompression bonded gold wire.
The samples were irradiated under positive bias at approximately liquid nitrogen temperature ( 77 K). The samples were irradiated at low temperature because it has been shown that especially at low temperature the hole mobility is much less than the electron mobility. Even at 77K, the electrons are swept out of the oxide almost instantaneously. 5, 6 Thus after a few picoseconds, only the positive charges remain in the oxide, and they are frozen in place for times long compared with the experimental time. In these experiments, the exposure time was on the order of 100 s. The alpha particle and proton irradiations were carried out at the Naval Surface Weapons Center (HSWC) Van de Graaff facility. The alpha particles had a kinetic energy of 2 MeV and the protons had a kinetic energy of 700 keV. In both cases the beam was hrought into the test chamber and scattered by a 2000 A Cu foil. The particle flux was determined using two surface barrier detectors: one was in the sample position (about 60 above the beam axis), and the second (monitor) detector was off at a large angle (>450) from the beam axis (Fig. 1) . The ratio of counts in the two detectors was very nearly constant in a series of calibration exposures. In principle, the ratio of counts in the two detectors could be calculated from the Rutherford cross section if the angle were measured very precisely. But if the sample is raised 0.05 inches (that is, the angle is increased less than half a degree) the ratio of counts in the two detectors is reduced approximately 30 percent. Since our test capacitors were located anywhere on a TO-5 header (that is, not necessarily centered) we could get large variations in particle count at the sample for a constant particle count at the monitor detector. Few things in nuclear physics are as well established as the Rutherford cross section, but it varies so strongly with position at small angles that we could not rely on it to determine the incident particle count at the sample. The method we finally settled on for counting incident particles was to use the sample as its own detector. After the sample had been exposed at positive bias and the flatband voltage shift had been determined, the bias was reversed so that the sample was in depletion. The MOS capacitor was then used like a surface barrier detector with the depletion region in the Si being the sensitive volume. Then the exposure was repeated and the current pulses in the capacitor were counted using a multichannel spectrum analyzer. The particle count for a given sample was very consistent (± 5%) from one trial exposure to the next, as long as the sample was not moved. If the sample was moved, there was significant variation in the particle count from one exposure to the next. The average particle count on all exposures was very close to the particle count predicted from the calibration run with a surface barrier detector in the sample position, but there was significant variation in the count from one irradiation to the next. For the alpha particle exposures, the calibration results adjusted for tge different detector areas indicated about 5 x 10 incident particles on each exposure. Using the sampl es ae detectors, thp actual count varied between 3.39 x 10 and 5.54 x 103 particles. For the proton expospres, the calibration results indicated 3.40 x 10 incident particles per exposure. When we used the sample as a detector, thg actual count varied between 2.70 x 105 and 3.89 x 10 particles. Thus one can see that the samples detected roughly the same number of particles as the surface barrier detector, but the exposure-to-exposure variation is large enough that one has to count particles on each exposure.
The aluminum gate electrodes are thin enough that the energy lost by the charged particles will be almost negligible. A 2 MeV alpha particle passing through 1050 A of Al loses slightly less than 0.04
MeV.8 For the protons, the energy lost in the gate electrode is even less, 0.005 MeV. Thus a known number of particles of known energy were incident on the SiO2 film.
Since the measurement of the charge created in the oxide by a single particle would be difficult, we irradiated our large area capacitors with a large number of particles and measured the accumulated effect. The amount of charge which escaped recombination was determined by the flatband voltage shift.
As indicated, the irradiation took place at 77 K and the pre-and post-irradiation C-V traces were recorded. The The procedure was to measure the AV as a function of the applied field. The fractiona yield, f(E), was then determined by dividing the measured AV (E) by the calculated maximum AV assuming no recgmbination. The results of the meas rements are shown in Fig. 2 and 3 for the alpha particles and protons, respectively.
One can see from the Figures 2 and 3 that the fraction of charge escapinq recombination is only a small fraction of the total charge generated by a highly ionizing particle. For purposes of comparison, we show in Fig. 4 Fig. 4 show dramatically the effect of recombination along Both the Jaffe model and the Kramers model contain simplifying assumptions which are somewhat unsatisfying, and neither of them fits our experimental results particularly well. Therefore we decided to use a modern tool which was unavailable to Jaffe and Kramers--a large digital computer. We wrote a finite difference code to solve Eq. 4 numerically. The code initially assumed that the particle is incident along the z-axis and that the applied field is along the x-axis (that is, normal to the particle track). Then the code calculated the charge density on a two-dimensional grid as a function of time starting with the initial distribution given in Eq. 5 . The results were generalized to three dimensions (and arbitrary angle between the field and the particle track) by adding a parallel component of the field which causes the cylinders of charge to move past each other.
The results of the calculations are shown by the solid lines in Fig. 2 for 2 MeV alpha particles incident at 45°and 60. The In Fig. 3 In Fig. 4 , we replot the yield of charge for alpha particles and protons along with previously published recombination results for electrons. At field above 2 MV/cm, the yield of charge is nearly 100% for high energy electrons, but for ions the yield is reduced dramatically. For protons the yield is about 25% and for alpha particles it is about 10%.
Discussion of Single Particle Induced Threshold
Voltage Shiftt-
The original motivation for this study of the charge generation and recombination by heavy ions in SiO2 was to predict the conditions under which a single alpha particle could cause a small MOSFET to fail from the threshold voltage shift. A simple worst-case model assumed that all the energy lost by an alpha particle passing through the Sio2 gate insulator produced electron hole pairs at the rate of one pair per 18 eV of energy deposited. It was assumed that all the electrons and holes escaped recombination and that all the hole were finally trapped at the Si/SiO2 interface. Under these conditions a 2 MeV alpha particle could produce a 100 mV threshold voltage shift in a micron dimension MOSFET 5 Schematic drawing of an alpha particle passing through the gate oxide of a MOSFET.
Based on the results reported in the previous section we can make more realistic estimates of the flatband voltage shift caused by a single alpha particle. To do this we will ignore short channel radiation effects because these have not been studied very extensively and although they are expected to be important we do not at this time know how to predict them. There is evidence in the literature that the AV in the short-channel devices will be more severe thin one would calculate ;or large dimension devices using standard formulas.1 Also, we initially assume that after the holes transport to the interface, all the holes are trapped in a uniform distribution over the interface (the uniformity of the trapped hole distribution will be discussed later). Under these conditions we can calculate AV = AQ/Cox using Eq. 1-3. MOSFET. The calculated AV for a 2 MeV alpha particle incident at 450 to the pla)e of the gate of an MOS device is shown in Fig. 6 Although the calculation of AV is helpful in estimating the potential problems, Tt is based on an unrealistic picture of the charge distribution at the interface. The initial column of charge produced by the alpha particle results after recombination and electron transport in a dense narrow column of positive charge. The positive charges will undergo hopping transport to the Si-SiO2 interface under the influence of the applied field. However, the density of positive charye survivi gg recombination will be on the order of 10 holes/cm and the mutual repulsion of the holes will be very strong. We wrote a particle-pushing code which puts approximately the correct number of charges into approximately the correct volume and then computes the total field on each particle. Each particle is then allowed to hop 10 A it a time parallel to the total field which it sees.
Then the fields are recalculated and the particles are allowed to hop again and so on until all the particles reach the interface where they are assumed to be trapped. The A typical charge distribution at the interface calculated by the code is shown in Fig. 7 . One can see that the charges form a footprint roughly 1000 R in diameter. The local threshold voltage shift along the x-axis is plotted in Fig. 8 . As indicated previously, the actual threshold voltage shift in a small device could be significantly greater if short channel effects in the radiation environment were included. Whether or not the ionization effects of a single charged particle will cause a hard device failure cannot be predicted until more device modelling work is done and probably, device testing using submicron dimension devices. In this paper we have reported new data on the yield of charge in SiO2 from ionization by alpha particles and protons. The yield of charqe has been shown to be much less than the values reported for other types of irradiation. The results have been explained in terms of the recombination, diffusion and drift of electron hole pairs in a dense column of charge.
Threshold voltage shifts induced in submicron dimension devices are not likely to be a problem until devices dimensions are less than 0.5m. The effects of the charge clusters could be a problem, but it should be kept in mind that in these calculations 100 percent hole trapping has been assumed. Using hardened oxides the effects would be reduced by another factor of ten. 
